We have introduced dual excitation properties in the multifunctional semiconductor ZnO by controlled solid state diffusion of dopant lanthanide ions like Er 3+ and Ho 3+ into the lattice at 500ºC. So far light emission from doped ZnO has been explored either under UV or IR excitation. Our results show that the emission colour can be tuned from cyan to red under UV (band edge, 377nm) excitation and from green to red under IR (980nm) excitation in ZnO through selected doping of lanthanide ions. Doping lanthanide ions in ZnO changes its morphology and emission characteristics. Whereas down conversion emission under UV excitation is due to across band gap excitation and subsequent donor acceptor pair recombination, the dependence of up conversion emission yield on pump laser power indicates that two to three photon processes may be more effective in ZnO host for frequency upconversion.
Please note that technical editing may introduce minor changes to the text and/or graphics, which may alter content. The journal's standard Terms & Conditions and the Ethical guidelines still apply. In no event shall the Royal Society of Chemistry be held responsible for any errors or omissions in this Accepted Manuscript or any consequences arising from the use of any information it contains.
Introduction
Rare-earth (RE) ion doped nanomaterials with up-conversion (UC) luminescence have variety of applications in solid-state lasers, three dimensional display, solar cells and fluorescence biological labels and have attracted a great deal of attention. [1] [2] [3] [4] Most such materials comprise complex inorganic host of insulators, mainly fluorides. Efficient light emitting properties from RE ions doped in semiconductor nanoparticles has been a challenge. The ZnO crystal, a direct band-gap multifunctional semiconductor with excellent physical and chemical stability has been identified as an efficient light emitter and has received extensive attention in the field of photonic technology [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . RE ion doped ZnO have also applications in high power lasers and various optoelectronic devices. 16, 17 Luminescence studies in ZnO mostly focused on Stokes shifted emission under UV excitation. Reports on anti Stokes UC luminescence in ZnO are sparse e.g., in ZnO: Er 3+ and Er 3+ , Yb 3+ codoped ZnO [18] [19] [20] [21] and in Ho 3+ and Yb 3+ co-doped ZnO. 22 In most UC studies, Yb 3+ ion is used as sensitizer for efficient IR absorption and energy transfer processes to RE ion. However, tunability in Stokes shifted luminescence characteristics of ZnO due to doping of Er 3+ and Ho 3+ under UV excitation has not been investigated.
In this work, we provide the first report on dual excitation and dual emission characteristics of RE position. All the powder precursors were mixed thoroughly in pestle-mortar and then packed in highly pure quartz boat. The material was fired at 500 0 C for 2 hours in air atmosphere. The sintered white mass was allowed to cool naturally as slow cooling rate allows uniform temperature distribution throughout the reacting mixture enabling better dopant substitution and luminescence intensity in the product. Finally a white sintered mass is obtained after cooling which is made into powder form by grinding.
Characterisation
The X-ray powder diffraction (XRD) of the synthesized samples was examined on a Rigaku miniflex X-ray diffractometer using the principle of Bragg Brentano Geometry, with Cu-Kα radiation (1.54A°). Diffractograms were recorded in grazing incidence geometry. The diffraction angle 2θ was scanned in the range 20 to 80°. Charge compensation by addition of monovalent Li + , however restores the lattice parameters of undoped ZnO.
Morphology
The SEM micrographs of ZnO with different rare earth doping are shown in 
Both the point defects V zn (0.3 eV above valence band) and O i (1.08 eV above the valence band) act as acceptor centres in ZnO, 25 
Up conversion luminescence
The upconversion photoluminescence emission spectra of rare earth ion doped ZnO samples under different excitation laser (980nm) power are shown in figure 4 . The UC spectra of ZnO:Er 3+ sample exhibit dominant red emission (peak at 663nm) corresponding to transition from level 4 Moreover, it has also been reported that higher Yb 3+ concentration that 5 mole% in ZnO:Er 3+ , Yb 3+ lead to decrease in intensity. 21 As up conversion emission involves absorption of multiple photons of lower energy (IR) by the phosphor material to emit a single photon of higher energy (visible), the dependence of UC emission intensity (I UC ) on the pump IR laser power (I i ) follows a power law represented by 
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The upconversion emission efficiency is also dependent upon the non radiative multiphonon relaxation processes that are dependent upon the host lattice. The oxide semiconductor has low phonon energy with a characteristic 440 cm -1 energy corresponding to Zn-O vibrational bond 19 . Low phonon energy of the host facilitates the active lanthanide ions to relax to ground state by emitting photons rather than phonons. In order to investigate the multiple photon absorption process in RE ion doped ZnO, the dependence of integrated up-converted emission intensity on IR laser excitation power has been calculated for each sample and is shown as the power pump plot in insets of each UC PL spectra. We have integrated the emission spectra separately under green emission region as well as red emission region and also the total integrated intensity of emission spectra and plotted against the pump laser power. samples, the photon yield is very high and slope value is more than 2 suggesting that three photon absorption may be more effective for frequency upconversion process in ZnO host. The UC excitation process from ground state of the RE ion to respective emitting level may involve two to three photons depending upon the concentration of rare earth ions and possible energy transfer and cross relaxation processes between levels. Three photon processes have also been reported for ZnO:Er 3+ ,Yb 3+ due to cross relaxation between levels 21 
Energy level diagram
The Excitation and emission processes for both down and up conversion luminescence are elucidated in the energy level diagram including the f-f levels of Er 3+ , Yb 3+ , Ho 3+ ions in figure   5 . Under 377nm band edge excitation, electrons excited to the conduction band can relax to various donor levels (intrinsic as well as created by dopant trivalent RE ion) and radiatively recombine with the acceptor centre to produce luminescence as indicated in Fig.5 .
Under 980 nm excitation, the emitter Er 3+ and Ho 3+ ions can directly get excited from their respective ground states to excited state e.g., 4 pathway 18 compared to multiphonon relaxation from 4 F 7/2 level as the energy gap is high.
In Yb 3+ , Ho 3+ system, excited sensitizer ion Yb 3+ transfer energy to Ho 3+ ion exciting them to higher levels. Two consecutive ET from Yb 3+ to Ho 3+ can raise the Ho 3+ ions to the 5 S 2 , 5 F 4 levels and the green emission occurs when Ho 3+ ions in the 5 S 2 , 5 F 4 levels relax to ground state 5 I 8 by emission of green photons (Fig.5 ). ESA from Ho 3+ 5 I 6 -5 S 2 can also raise the emitting Ho 3+ ions to the green emitting level as the pump laser energy matches well with the level spacing. Due to large population in 5 S 2 , 5 F 4 levels, the green emission intensity is high. The non radiative relaxation probability from 5 S 2 , 5 F 4 level to lower 5 F 5 level depends upon the host phonon energy and the red emission at 652 nm happens due to 5 F 5 -5 I 8 transition. The non radiative transition to 5 F 5 level reduces drastically upon codoping Yb 3+ ions and the green emission becomes very dominant with much higher emission intensity. The red emitting 5 F 5 level may be populated by 5 I 7 -5 F 5 absorption 32 , cross relaxation (CR) may also happen due to ion ion interaction. From the slope of pump power plot, the UC process in ZnO:Ho 3+ (slope ~ 1.5) is a two photon process 
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whereas in ZnO:Ho 3+ ,Yb 3+ (slope ~ 2.5) is two to three photon process for excitation to 5 S 2 , 5 F 4 levels and predominant green emission.
The UC and DC spectra described above clearly indicate that rare earth metal ions Er 3+ /Ho 3+ doped ZnO exhibit dual mode luminescence characteristics. They are excitable by UV as well as IR light and the emission spectra also differ. 

